Supplementary Information 5
ethanol precipitation. The precipitated DNA was air dried and dissolved in 25 µl of MilliQ 1 water containing 25 µg/ml RNase (Sigma-Aldrich). I and + samples were subjected to ChIP-2 sequencing (mCherry-CENP-A and CENP-C-mCherry in C. neoformans, CENP-C-mCherry 3 in C. deuterogattii) to identify centromere regions across the genome. All three samples (I, + 4 and -) of CENP-C ChIP were subjected to qPCR with centromere-specific primers along with 5 a non-centromeric primer set. The fold enrichment for the same was calculated and plotted 6 using GraphPad Prism. 7 8 C. neoformans and C. deuterogattii PacBio sequencing and assembly update 9
The C. neoformans (H99) and C. deuterogattii (R265) genomes were sequenced using 10 PacBio sequencing to improve sequence sequence assembly of the centromeric regions. 11
PacBio filtered subreads were used for a higher order scaffolding using SSPACE-LongRead 12 v1-1 (5) , requiring 5 linking reads (-l 5) and a 200 base gap between scaffolds (-g 200). The 13 de novo assembly of the PacBio reads led to generation of 20 and 27 scaffolds for C. 14 neoformans and C. deuterogattii, respectively. The centromere flanking gene sequences from 15 the available GenBank assembly for C. neoformans (GCA_000149245.3) and C. 16 deuterogattii (GCA_000149475.3) were searched using the BLAST analysis against the 17 newly assembled PacBio assembly to identify the centromere locations. This analysis led to 18 mapping of 10 centromeres (out of 14) in the newly assembled C. neoformans genome with 19 good read depth and no sequence gaps. These completely assembled 10 centromeres are 20 CEN1, CEN2, CEN4, CEN6, CEN7, CEN8, CEN9, CEN10, CEN12, and CEN13. One of the 21 four centromeres that remained incomplete even after using PacBio reads was CEN5 with 22 two sequence gaps. Using a chromosome walking approach followed by Sanger sequencing, 23 both of these sequence gap regions were closed to obtain a complete sequence coverage of 24 CEN5 as well. The sequences of these 11 centromere regions in the current GenBank 25 A total of 429,764 albacore-pass ONT fastq reads were assembled using Canu release 1 v1.5 with the following parameters: -nanopore-raw <input.fastq>, 2 correctedErrorRate=0.075, and stopOnReadQuality=false. After removing a small 1,797 3 artifactual contig of low complexity sequence, the assembly consisted of 15 contigs 4 corresponding to the 14 chromosomes plus the mitochondria. The 15 contigs were polished 5 by first aligning to them a total of 33,909,932 Illumina fragment paired reads using bwa mem 6 (version 0.7.7-r441) followed by Pilon (version 1.13) correction using the --fix all setting. 7
The polished contigs were aligned using nucmer (mummer package 3.23-64bit) to a C. 8 deuterogattii (R265) PacBio assembly (27 contigs) and to a Cryptococcus gattii (WM276) 9
Sanger assembly (14 chromosomes) to confirm chromosome structure. The mitochondrial 10 contig was found to contain a duplicated region due to the circular configuration; an end to 11 end overlapping region of 18684 bases was clipped from the 3' end resulting in a 31,190 base 12 circular mitochondrial contig. 13
Contig ends were searched for telomeres using the known telomere motif sequence 14 (TTAGGGG tandem repeats, allowing matches for TTAG [3, 5] ). For the 6 ends that were 15 missing telomeric repeats, the contig end was extended by walking with aligned reads and 16 then polishing. This was done by first aligning ONT reads (both raw and the canu-corrected 17 set) to the polished contigs using bwa mem with parameter -x ont2d and identifying reads 18 which aligned to a contig end and contained within the overhanging sequence the telomere 19 motif. The consensus of aligned reads (between 1 and 3 reads identified matching each end) 20 was added to extend the contig ends, followed by another round of Pilon correction using 21
Illumina reads aligned to this updated assembly. In this updated assembly, an average of 45 22 bases (range of 13 to 97 bases) of telomeric repeat is present at each of the 28 scaffold ends. 23
For the 5' end of scaffold 3.8, extended by one aligning ONT read, 3 copies of the telomeric 24 repeat are located 81 bases from the end; the terminal sequence shares high similarity with 25 telomeric repeat arrays but contains more substitutions than is found at other ends, likely due 1 in part to lower sequence quality from a single representative read. 2 3 ChIP-seq and bisulfite sequencing analysis 4
The ChIP-sequencing of C. neoformans mCherry-CENP-A as well as CENP-C-5 mCherry was done as previously described (4, 6) . In total, 6 million single-end 36-nt reads 6 (for CENP-C) or 10 million paired-end 100-nt reads (for CENP-A) were generated on the 7 Illumina GAIIx platform. Raw reads were processed using SeqQC (version 2.2). The 8 processed reads were aligned to the target C. neoformans genome using Geneious R9 9 software (http://www.geneious.com) (7). About 90% of the aligned reads were obtained per 10 sample. All alignments for a particular read or pair were suppressed if more than 1000 11 reportable alignments existed for it. The alignments were further sorted into bam files. The 12 graphs represented in Figure 1 and Figure S2 were generated using Integrative Genomics 13 Viewer (IGV). It is notable that multiple breaks are observed in the binding patterns of both 14 CENP-A and CENP-C ( Figure 1B ). These breaks could be due to technical limitations of the 15 analysis where each read was allowed to align at multiple places. Due to this analysis criteria, 16 a unique CENP-A bound region would appear as a dip if present in a repeat-rich region. 17
However, this is unavoidable because these regions are highly repetitive in nature. We also 18 tried to map single reads to unique regions, which led to poor read mapping and did not 19 identify all 14 centromeres. 20
For C. deuterogattii CENP-C-mCherry ChIP-seq, ChIP data was generated using a 21
HiSeq 2500 instrument to perform a 48 bp paired-end run. Reads were then aligned (using 22 the same criteria applied for C. neoformans) to the C. deuterogattii genome using the short 23 read component of the BWA aligner (8). The resulting alignment was converted, cleaned, and 24 sorted using SAMtools (9) and Picardtools (https://broadinstitute.github.io/picard/). Peaks 25 were identified using the broad peaks setting of MACS2 (10). Bisulfite data of C. 1 neoformans, acquired from a previously published study (PRJNA201680) (11), was aligned 2 to the C. neoformans genome using Bismark v0.16. 3 (12) in order to determine the 3 proportion of methylation present at sites across the genome. All of the chromosome-wide 4 read distribution and read depth graphs were generated using IGV (13, 14) . RNA was extracted from vegetatively growing cells of C. neoformans and C. 8 deuterogattii as described previously (15) . Briefly, the overnight culture was pelleted, 9
washed with DEPC-treated water and resuspended in 1 ml of TRIzol reagent (Invitrogen, 10
ThermoFisher Scientific). Glass beads (0.4 ml equivalent) were added into the tubes and 11 vortexed, 4 cycles of 2 min each with 1 min interval. The RNA was then purified as per the 12 TRIzol RNA extraction protocol provided by the manufacturer. The isolated RNA was 13 subjected to DNase treatment, purified, and cDNA was prepared using oligodT primers 14 (Sigma-Aldrich). Real-time PCR assays were performed using Tcn3, Tcn6 and the Clr4 gene 15 (as control) specific primers (VYP183-188). The fold enrichment was calculated by double 16 delta Ct method and was plotted using GraphPad Prism. 17 18
Methylation-specific PCR assay 19
Genomic DNA was isolated from overnight cultures C. neoformans and C. 20 deuterogattii using the glass beads method described previously (16). The DNA was digested 21 separately with CpG methylation-sensitive (HhaI, NciI and NotI) or insensitive (HindIII, 22 PvuII and XhoI) enzymes for 14 h together with a no enzyme control reaction. The digested 23
DNA was diluted 1:40 and used for PCR amplification. For PCR, two pairs of primers were 24 designed for each C. neoformans (VYP75-76, VYP79-80) and C. deuterogattii (VYP741-25 742, VYP743-744) -one pair amplifying centromere (CEN) DNA and another one for a non-1 centromeric (non-CEN) region. The PCR products obtained were visualized by gel 2 electrophoresis using 0.8% agarose gels. 3 4 Transposon mapping analysis 5
The genomes of C. neoformans (H99), C. deneoformans (JEC21), and C. 6 deuterogattii (R265) were scanned using the genome browser feature available in the 7 FungiDB database (http://fungidb.org/fungidb/). The largest ORF-free regions with CENP-A 8
or CENP-C binding on each chromosome were identified. For Cryptococcus species, the 9 DNA sequence of each of the retrotransposons (Tcn1-Tcn6) has been previously reported 10 (17). All of these sequences differ from each other with respect to their LTR regions while 11 the domain architecture is conserved among them (17). The nucleotide sequences of these 12 retroelements were harvested and used as query sequences in a BLASTn analysis (e value of 13 1) to identify all copies of transposable elements present in the genomes. The BLAST hits 14 against each of the transposons in all chromosomes were obtained and mapped on each of the 15 identified ORF-free regions. In case of overlapping mapping of different Tcn elements in the 16 same region, the BLAST hit with longer sequence and lower e-value was considered while 17 the other Tcn element hits were removed from the analysis. 18
Phylogenetic analysis of retrotransposon sequences was performed using MEGA6 19 (18). The full-length retrotransposon sequences were used for C. neoformans, C. 20 deneoformans and C. amylolentus. For C. deuterogattii, the longest sequence traces of the 21 Tcn elements were extracted and used for the analysis because full-length Tcn elements are 22 missing from its genome. The evolutionary history was inferred by using the Maximum 23
Likelihood method based on the Tamura-Nei model (19) . The tree with the highest log 24 likelihood (-133683.3206 ) is shown in Figure S5A . Initial trees for the heuristic search were 25 obtained by applying the Neighbor-Joining method to a matrix of pairwise distances 1 estimated using the Maximum Composite Likelihood (MCL) approach. 2 3
Genome synteny analysis 4
The genome comparative synteny analysis was performed using "SyMAP" using 5 default parameters (http://www.agcol.arizona.edu/software/symap/) (20). The circular maps 6
were generated using the circular map plugin available in the SyMAP software. Synteny 7 analysis across the centromere regions among the three species was carried out using the 8 synteny tool available in FungiDB (http://fungidb.org/) (21). 9 10
Experimental evolution 11
Experimental evolution was performed using C. neoformans wild-type (H99) and 12
RNAi mutant derivatives (rdp1Δ and ago1Δ mutants). The strains were inoculated in 5 ml of 13 YPD broth from a single colony and grown for 20 to 24 h at 30°C with shaking at 180 rpm. 14 The next day, OD600 of the overnight culture was measured, and the required amount of cells 15 were transferred into 5 ml of fresh YPD to achieve an initial OD600 of 0.1. This allowed 16 enough inoculum of the culture for 24 h growth while not having an adverse effect on cells 17 due to growth saturation or nutrient depletion. The culture was then further grown for 20-24 18 h, following which OD600 was again measured. The number of doublings was calculated for 19 each of the strains from their initial (0.1) and final OD. On the next day, the overnight culture 20 was again sub-cultured in fresh media starting with an initial OD600 of 0.1. Sub-culturing was 21 continued on a daily basis until 1000 doublings were completed for each strain. DMSO 22 stocks of each of the passaged cultures were made at regular intervals of 2 weeks, i.e. every 23
80-90 doublings. 24
Single colonies were streaked out from the 1000 doublings passaged strains of wild 1 type, ago1Δ, and rdp1Δ mutants. Next, alterations of the centromere length were assessed by 2
Pulsed-Field Gel Electrophoresis (PFGE) of genomic DNA. Plugs were prepared from single 3 colonies as previously described (22), and digested overnight with the restriction enzyme 4
NotI-HF (NEB) and then run in 1% agarose gel in 0.5X TBE with a switching time 7 -60 s, 5
for 120 h at 14°C using a CHEF apparatus. The enzyme was chosen such that the entire 6 centromere region is released as a single fragment along with flanking sequences that can be 7 used as a probe. The DNA was then transferred to a membrane, and hybridized with probes 8 targeting chromosomal regions flanking the centromeres, as previously described (22). One 9 colony for each rdp1Δ-1000 and ago1Δ-1000 strain that showed changes in CEN2 compared 10 to wild-type-1000 was used for PacBio sequencing. Single colonies were also streaked out 11 from the 0 doubling strains (wild-type-0, rdp1Δ-0 and ago1Δ-0) and one colony from each 12 was used for PacBio sequencing. The genomes were assembled de novo using Canu and each 13 centromere length was measured as the intergenic region between the centromere flanking 14
ORFs. The transposon mapping in the new assemblies was done by BLASTn analysis using 15
Tcn1-Tcn6 DNA sequences. 16 17
Prediction of centromeres in Ustilago species 18
A previous study in U. maydis predicted its centromeres based on the presence of a 19 transposon (HobS)-rich sequence as well as plasmid stability assays (23). We performed 20
RNA-seq analysis for U. maydis using the transcriptome data available from a previous study 21 (24). For RNA-seq analysis, the reads were aligned to the U. maydis reference genome using 22
Geneious R9 software and plots for each chromosome were generated. Combining the earlier 23 prediction with the lack of polyA RNA reads, one region on each chromosome was identified 24 as the putative centromere. Synteny with the U. maydis genome and RNA-seq (25) analysis 25 were performed using Geneious R9 software to predict putative centromeres in U. bromivora 1 as well. 2
For U. hordei, neither RNA-seq nor synteny analysis could be performed due to the 3 lack of a suitable chromosome-wide assembly as well as RNA-seq data. Thus, as an 4 alternative approach, an U. hordei BAC clone library was utilized to measure the length of 5 putative centromeres (26, 27) . First, a BLAST analysis with end sequences of BAC clones 6 against U. maydis genome was performed. Considering that centromere flanking regions 7 between all three Ustilago species are syntenic, we identified the BAC clones that harbor the 8 putative U. hordei centromeres. Based on the size of the BAC clones, the length of the cloned 9 syntenic region in every BAC clone was estimated. The length of the sytenic region (based 10 on BLAST hits) in U. maydis genome was also measured, and the difference between the 11 length of syntenic regions from U. maydis and U. hordei was calculated. Because the 12 genomic content between two species is similar, the difference in length was attributed to 13 increased centromere length in U. hordei. By this approach, the length of 17 centromeres out 14 of 23 in U. hordei was predicted. Next, PacBio sequencing was performed for U. hordei 15 followed by de novo assembly of the U. hordei genome. Synteny analysis was performed 16 using the refined genome, and 18 putative centromeric regions were identified. Fifteen of 17 these identified putative centromeres were the same as the ones predicted using the BAC 18 based approach and showed a consensus on centromere length. Two regions identified using 19
the BAC clone approach are broken in our current PacBio assembly whereas three regions 20 identified using the PacBio approach lack equivalent BAC clones. Thus combining the data 21 from BAC clone inserts and the PacBio assembly, we could determine the length of 20 22 centromeres in U. hordei. (28) and bisulfite sequencing data (11) were reanalyzed to determine sites of respective 21 histone marks and DNA methylation across the chromosomes in C. neoformans and found to 22 be enriched at the centromeres on each chromosome. The retrotransposons (Tcn1-Tcn6) were 23 also mapped along the length of the chromosomes and found to be enriched at the 24 centromeres. The additional CENP-A peak, appearing on chromosome 2, is probably an 25 experimental artifact because the peak is also present at the same region in "Input DNA" 26 control as well and hence it was considered to be a false positive peak. The extra peak in 27 chromosome 11 lies in a gap region that shows similarity to centromeric retroelements and 28 hence may be due to a genome assembly error. maydis based on features including the presence of transposons, lack of transcription, and a 5 long stretch of an ORF-free region. All of the predicted centromeres are rich in HobS 6 retroelements but poorly transcribed as revealed by the absence of polyA-RNA. Centromeres 7 were identified in U. bromivora and U. hordei by synteny analysis with the U. maydis 8 genome. The putative centromeres in these two species are also poorly transcribed as shown 9
by the lack of polyA-RNA from these regions. RNA-seq reads were obtained from EBI or 10 NCBI (ERR184024 for U. maydis, SRR4381675 for U. bromivora, SRR5235715 for U. fragments expected in the wild-type strain C. neoformans that was also passaged for 1000 20 generations. EtBr refers to ethidium bromide stained gels while CEN2 refers to blots 21 developed using a probe against the CEN2 region. The probe location is shown with respect 22 to the centromere location in the map below. (C) PacBio sequencing followed by synteny 23 analysis of centromeric regions revealed genomic rearrangements at the centromeres in RNAi 24 mutant (rdp1Δ and ago1Δ) strains as compared to the wild-type strain, all passaged for 1000 25 doublings. While the change in CEN7 was observed only after 1000 doublings, the CEN2 26 length was reduced in unpassaged RNAi mutant strains as well. See Supplementary table S5  27 for more details. 
